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The ability to sense environmental cues and respond to them
appropriately is critical for the existence of any living cell [1]. A wide
variety of receptors has evolved to fulﬁll this need, and the G-protein
coupled receptors (GPCRs) have enjoyed particular evolutionary
success. These receptors follow a common mechanism of action. First,
the receptor is activated by the binding of a ligand from the extracellular
side. Second, the seven transmembrane helices rearrange, transducing
the conformational change associated with ligand binding from the
extracellular side of the receptor protein to the cytoplasmic side. Finally,
the binding of one or more types of heterotrimeric G-proteins on the
cytoplasmic side allows downstream signaling cascades within the cell
to take effect [2–4]. All GPCRs aremetabotropic, i.e., not directly linked to
ion channels or pores. The versatility of GPCRs stems from the large
variety of ligands that can be accommodated [5] – fromphotons of light,
to ions, neurotransmitters, and even large polypeptide hormones – aswell as from the vast possibilities for signal ampliﬁcation and
modulation through downstream signaling cascades [6,7]. At over 800
members, the GPCRs are the largest protein family in the human
proteome. Fromapharmacological standpoint, theyare the targetof some
50% of all drugs currently on the market [8]. Understanding molecular
mechanisms of GPCR signaling is therefore of both fundamental scientiﬁc
impact and high medical potential.
However, biophysical studies of these receptorshavebeenparticularly
challengingbecause they are transmembraneproteinsheavily dependent
on the membrane environment for proper function. Puriﬁed protein
samples are necessary for obtaining quantitative biophysical information
on the molecular details of structure and function. Reconstitution into a
native-like environment is important in the case of GPCRs to ensure that
the sample represents a biologically relevant protein conformation, i.e., as
close as possible to the one present in living cells. Reconstitution is also
needed to maintain stability. Furthermore, though crystal structures of
several GPCRs have been solved [9–19], understanding the kinetics and
dynamics of these molecules under physiological conditions remains
challenging. Biophysical studies in vitro, such as NMR [20–23], infrared
[24] and Raman vibrational spectroscopy [25,26], electron paramagnetic
resonance (EPR) [27,28], circular dichroism [20–23], and ﬂuorescence
spectroscopy [29,30], provide detailedmolecular insight into the function
of these proteins. All of these functional methods, as well as structural
ones like X-ray crystallography [9–19], solid-state NMR [20–23], or
neutron scattering [31], require stable, puriﬁed GPCR sample reconsti-
tuted in a mimic of the native environment.
A fundamental challenge in this research ﬁeld lies in the basic
topology of GPCR signaling. A GPCR can be conceptualized as consisting
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region, and an intracellular G-protein-binding surface (Fig. 1). Though
any given experimental technique imposes its own constraints, a
complete molecular-level study of receptor activation and signaling
requires each of these surfaces to be accessible to experimental
manipulation. Thus, the best reconstitution system for a given
investigation permits easy and independent experimental access to
the outside and inside surfaceof themembrane, aswell as to theplaneof
themembrane.While reviews of GPCR structure [4], GPCR dimerization
[32], the pharmacological potential of GPCRs [8,33], GPCR puriﬁcation
[34,35], and GPCR–lipid interactions are available [36], reconstitution of
puriﬁedGPCRs into artiﬁcialmembrane-like environments has not been
reviewed to date. This article reviews various membrane mimics for
reconstitution of functional GPCRs in vitro for detailed biophysical
analysis of their function in relation to their structure and dynamics.
2. Overview of GPCR reconstitution
The general approach to prepare reconstituted samples is to ﬁrst
obtain a sufﬁcient quantity of the GPCR under study, then purify it, and
ﬁnally reconstitute it into a membrane-like environment. The GPCR
must either be expressed recombinantly [34,37] and then puriﬁed or
puriﬁed directly from natural sources [38,39]. For instance, bovine
rhodopsin, theﬁrst GPCR to be studied in vitro,was initially puriﬁed from
preparations of bovine retinas [38,39]. In general, however, purifying
GPCRs fromnatural sources is difﬁcult due to the low abundance ofmost
GPCRs and the need to raise highly speciﬁc antibodies against each for
immunopuriﬁcation. A better strategy is to use an expression system to
express a GPCR fused to a tag for puriﬁcation [34,40]. The choice of
expression system depends on the GPCR under study [37]. GPCRs are
eukaryotic proteins. A small number of GPCRs can be expressed
functionally in bacterial cells [41]; some can be expressed as nonfunc-
tional polypeptides in inclusion bodies and subsequently refolded;
others fail to express in a bacterial system at all. Yeast and insect cells
[17,42,43] have been used to express someGPCRs, but others require the
post-translational modiﬁcation machinery only found in mammalian
cells [44,45]. Robinson and colleagues provide a review of GPCR
expression systems [46].
Regardless of the choice of expression system, three steps need be
carried out to reconstitute GPCRs. The ﬁrst step is to solubilize the
plasma membranes of the expressing cells, typically with the help of
detergents [35,40,47]. Afterward, afﬁnity puriﬁcation can separate the
target GPCR from all other membrane components of the expressing
cells. Finally, detergent is removed by dialysis [48,49], gel ﬁltration
[50], or adsorption onto a material such as Biobeads® [51]. At that
time, the GPCR has been reconstituted and is available for quantitative
biophysical investigations.
3. Membrane-like environments
Six basic types of membrane mimics will be considered in this
review. These are (1)micelles, (2) unilamellar lipid vesicles, (3) bicelles,
(4) nanodiscs, (5) planar lipid membranes, and (6) lipidic cubic phases.Fig. 1. Schematic overview of a GPCR (blue) embedded in the plasma membrane (red).Conceptual considerations and examples of applications for each are
discussed below.
3.1. Detergent and mixed micelles
The most basic strategy for in vitro studies of puriﬁed GPCRs is the
use of detergent ormixedmicelles [35,40]. Mixedmicelles are prepared
from a mixture of detergents or a mixture of detergent and lipid. Since
the protein contains both hydrophobic and hydrophilic regions,
amphipathic molecules such as detergents provide an environment
that lends some stability to the GPCR molecules and prevents their
precipitation (Fig. 2).
A variety of detergents is available for studies of transmembrane
proteins, but the choice must fall on a detergent that is gentle enough
to avoid immediate denaturation of the protein. For example, sodium
dodecyl sulfate (SDS), a very common but highly denaturing
detergent, is not suitable for this reason. Detergents such as cholate,
dodecyl-β-D-maltoside (DDM) [52], and n-octyl-β-D-glucopyranoside
(OG) [53], as well as mixed micelles have been used with greater
success. For instance, the ﬁrst crystals of rhodopsin that yielded a
high-resolution structure were obtained from solutions of mixed
micelles of nonyl-β-D-glucoside and heptanetriol [18,54].
Newer, rationally designed detergents include amphipols [55,56],
which can wrap around the hydrophobic region of a GPCR while
exposing their hydrophilic side chains to the solvent. This feature is
especially useful since detergent concentration does not have to exceed
the critical micelle concentration (CMC), and therefore the interference
with molecular conformation or spectroscopic measurements due to
free detergent in solution is lower. Zhang and colleagues reported that
addition of peptide surfactants to traditional detergents like DDM and
OG enhances thermal stability of rhodopsin compared to what is
attainable with detergent alone [57]. Recently, Welte and coworkers
implemented a modiﬁed detergent system, using maltoside detergents
with cyclohexyl or aromatic groups in place of the alkyl chains. This
modiﬁcation resulted in increased thermal stability for at least two
humanGPCRs compared toDDM [58]. A detailed reviewof the variety of
detergents used to stabilize transmembrane proteins is available to the
interested reader [49].
In spite of these successes, it is clear that a true lipid bilayer
environment is best suited for biophysical studies of GPCRs in a
functional and stable form. For instance, the photochemical properties
of rhodopsin are sensitive to the composition of its lipid environment
[59]. Indeed, a crystal structure of bovine rhodopsin retains tightly
bound phospholipid molecules [19]. This tight binding suggests an
important role for these molecules in maintaining the proper
structure of the receptor.Fig. 2. A GPCR (blue) stabilized by a detergent micelle (red).
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to functional studies of GPCRs due to the limited accessibility of the
protein in the resulting system. Even if detergent and lipid composition
were optimized such that a given receptor could be successfully kept in
solution, the micelle is a highly disordered environment compared to
the nativemembrane. Concentration of freedetergent in solution is high
because total detergent concentrationmust exceed the CMC at all times.
Thepresence of high concentrations of detergentor lipid in solutionmay
interfere with normal ligand and G-protein binding. Hydrophobic
regions within the ligand-binding or G-protein-binding domain could
also bedestabilized or denatured bydetergent. It is difﬁcult in general to
use a system of this kind for studying the interaction between a GPCR
and its soluble protein interacting partners, since the fold and function
of the soluble protein may not be preserved in detergent [60,61]. At the
same time, hydrophobic binding partners, such as signaling proteins,
lipids, and ligands, may partition into empty micelles, which reduces
their effective concentration [62]. The micelle system is also unsuitable
for investigating the oligomerization of GPCRs, which is thought to be
critical tomany of their normal functions [32,63,64]. This is because the
bound detergent around the protein interferes with protein–protein
contacts. Finally, the presence of lipids or detergents at high
concentration freely diffusing in solution may lead to high background
in optical measurements or NMR. All of these drawbacks make a more
faithful mimic of the native membrane environment highly desirable.
3.2. Unilamellar lipid vesicles
GPCRs in detergent-solubilized form can be reconstituted in
unilamellar lipid vesicles for biophysical studies (Fig. 3). This section
discusses reconstitution in small unilamellar vesicles (SUVs) and giant
unilamellar vesicles (GUVs).
Early on, Ross and colleagues reconstituted partially puriﬁed β2-
adrenergic receptor, along with Gs, into lipid vesicles. The vesicles were
prepared by solubilizing the protein samples and phospholipids with
cholate and subsequently removing the detergent by gel ﬁltration and
collecting the resulting vesicles. Gs binding toGTPγSwas observed upon
external application of catecholamines, which are agonists of the
receptor [50]. Using a similar procedure, the entire primary pathway of
cholinergic signaling, including the m1 muscarinic receptor, Gαq/11
G-protein, and the enzyme phospholipase C, was later reconstituted
[65]. The resulting vesicles were able to catalyze the formation of
inositol triphosphate in response to the application of m1 receptor
agonists. More recently, Grisshammer and coworkers carried out solid-
state NMR on the neurotensin receptor reconstituted into lipid vesicles
[66].
A variation of this approach uses giant unilamellar vesicles (GUVs),
which have diameters comparable to those of eukaryotic cells [67].
Typically, GUVs are obtained in a procedure termed electroformation
by applying alternating electric ﬁelds to dry lipid ﬁlms as they are
being rehydrated [68–70]. Though these conditions are denaturing toFig. 3. A GPCR (blue) embedded in amany membrane proteins, this limitation can be circumvented by
fusing pre-made GUVs with small lipid vesicles containing recon-
stituted GPCRs. This was ﬁrst demonstrated by Hoekstra and
coworkers using SUVs with lipids covalently linked to a fusion
peptide (WAE) to incorporate functional bacteriorhodopsin into GUVs
[71]. Although bacteriorhodopsin is not a GPCR, it is a close structural
homolog. So far, no GPCRs have been reconstituted using this method,
but it remains promising.
The use of lipid vesicles has many advantages over micelles. They
provide a well-deﬁned, native-like environment for GPCRs, which
increases receptor stability. Depending on the orientation of incor-
poration (i.e., facing in or out of the vesicle), they allow easy access to
either the ligand-binding or the G-protein-binding surface of the
receptor, though not both. The diameter of GUVs is in the range of
10–100 μm, so they can be examined by visible microscopy. Finally,
the reconstituted receptors are free to diffuse in two dimensions,
allowing studies of their oligomerization, interactions with other
transmembrane proteins, and, in principle, even their preference for
speciﬁc membrane domains, such as lipid rafts [72]. Furthermore,
GUV fusion with GPCR-containing SUVs allows a high degree of
preferred orientation of the incorporated protein, as GPCRs are known
to have preferred orientation in SUVs [73,74].
Despite these advantages, the enclosed topology of vesicles can
present a challenge. Only membrane-permeable molecules can interact
with both the extracellular and the intracellular surfaces of the
receptor. GUVs offer a workaround: given these vesicles' size range, it
is possible to use glass microneedles to inject molecules directly into
the vesicle [75–77]. However, the microinjection approach limits the
set of applicable biophysical techniques to those useful at the single-
vesicle level. For biochemical and biophysical studies of ligand or
effector binding and conformational dynamics of the receptor, it would
be optimal to be able to probe all of the receptor's surfaces while
retaining the ability to use bulk biophysical and structural techniques.
3.3. Bicelles
In the case of a GPCR sample solubilized in a mixed lipid/detergent
micelle environment containing both long- and short-chain lipids,
removal of detergent triggers formation of bicelles. Bicelles (Fig. 4) are
fragments of lipid bilayer whose perimeter is stabilized by short-chain
lipids or detergent molecules [78–80].
Khorana and coworkers were able to use a bicelle system to obtain
theﬁrst detailed characterization of the kinetics of retinal binding to the
opsin protein to form the GPCR rhodopsin [81]. Opella and coworkers
reconstituted the CXCR1 chemokine receptor into bicelles by ﬁrst
incorporating it into lipid vesicles and subsequently disrupting those
vesicles with the short-chain phospholipid dihexanoylphosphatidyl-
choline [82]. The resulting sample proved useful for NMR studies
[80,82–84]. Recently, the Y-2 G-protein coupled receptor was recon-
stituted in a bicelle-like environment for solid-stateNMR [85]. It has alsounilamellar lipid vesicle (red).
Fig. 4. A GPCR (blue) embedded in a bicelle composed of long-chain lipids (red) and
short-chain lipids or detergent molecules (gray).
Fig. 5. A GPCR (blue) embedded in a nanodisc composed of a lipid bilayer (red) and
membrane scaffold protein (green).
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crystallized in lipid/detergent bicelles [86]. It should be noted that,
due to thehigh sample requirements ofNMR,both groups expressed the
GPCRs in Escherichia coli and refolded them from exclusion bodies.
Depending on the ratio of long- to short-chain components (q
value), bicelles have diameters of 10–30 nm, and up to 80 nm for
some systems, enabling reconstitution of multiple GPCRs [79,87]. The
diameter of a GPCR transmembrane core is ~3 nm. This means that, in
theory, even the smallest (10 nm) bicelles or nanodiscs (discussed
below) can accommodate multiple GPCR molecules. However, the
number is limited for several reasons. First, the concentration of
GPCRs is too low during the reconstitution procedure to make such a
high density in a bicelle at all likely. Second, the perturbation to the
structure of the lipid bilayer region is likely to be too great. Third,
many GPCRs have intra- or extra-cellular domains whose diameters
exceed that of the 7-transmembrane core.
The bicelle is a versatile system for GPCR reconstitution thanks to the
wide range of lipid compositions it can accommodate [83,84,88]. Since it
allows drastically reduced free detergent concentrations compared to
mixedmicelles, this strategyminimizes detergent-induced background
and structural perturbation of soluble macromolecules [78]. Larger
bicelles (2.5bqb5) are particularly useful for NMR studies of GPCRs
because they align in a magnetic ﬁeld [79]. This alignment greatly
improves resolution in NMR spectra and enables measurement of
protein orientation relative to the bilayer plane [84]. However, this
system suffers from some of the drawbacks of micelles. Just as a
concentration in excess of the CMC is needed to maintain micelles in
solution, the long- and short-chain components of the bicelle structure
need to be maintained above a critical concentration at all times. For
GPCRs, which are often found in low abundance, this requirement can
meana largenumber of emptybicelles in the resulting solution,with the
same consequences of high background and altered effective concen-
trations of protein or lipid interacting partners as noted above for
micelles. Moreover, the bicelle components need to be maintained at a
speciﬁc ratio at all times in order for bicelles to persist. Thus, addition of
a sample of adetergent-solubilizedprotein interactingpartnermay alter
the ratio and destabilize the bicelles. The use of nanodiscs in place of
bicelles can overcome many of these drawbacks.
3.4. Nanodiscs
Nanodiscs – also referred to as nanoscale apolipoprotein bound
bilayers (NABB) or high-density lipoprotein (HDL) particles – are the
most novel paradigm for GPCR reconstitution. They resemble bicelles
but provide a much more stable, well-deﬁned membrane environ-
ment. Nanodiscs consist of a lipid bilayer center,which can incorporate
a transmembrane protein, and two molecules of membrane scaffold
protein (MSP), a helical repeat protein with a hydrophobic and ahydrophilic face. MSP wraps around the hydrophobic edge of the lipid
disc and stabilizes it in an aqueous environment (Fig. 5).
Sligar and coworkers were able to make nanodiscs of controlled
diameter by varying the number ofα-helical repeats in the belt protein.
As a result, particles with diameters of 9–13 nm could be prepared
[89,90]. Sligar and coworkers have also been able to incorporate puriﬁed
β2-adrenergic receptor into nanodiscs [91], and Kobilka and coworkers
demonstrated that this sample can activate G-proteins [92,93]. Puriﬁed
rhodopsin has also been reconstituted using this system [94–96],
demonstrating both light-induced activation of the receptor and
activation of the G-protein transducin or arrestin as a result [95,97].
Recently, Sakmar and coworkers successfully reconstituted puriﬁed
CCR5 chemokine receptor into nanodiscs [30].
Reconstitution of GPCRs into nanodiscs offers several advantages.
The use of nanodiscs does not lead to high concentrations of freely
diffusing lipids or detergent molecules, and the nanodisc structure is
compact. These features permit relatively high concentrations of
protein per volume, enabling bulk spectroscopic measurements.
Furthermore, in the case of the nanodisc the presence of MSP permits
additional labeling for spectroscopic analysis. MSP can be expressed in
Escherichia coli, a system that allows genetic incorporation of a variety
of unnatural amino acids, including ﬂuorescent ones, by stop-codon
suppression [98,99]. This provides a well-deﬁned handle, for instance,
for experiments using Forster resonance energy transfer (FRET) or
ﬂuorescence correlation spectroscopy (FCS) down to the single-
particle level. In such experiments, conformational dynamics can be
studied in the close-to-native environment of the planar lipid bilayer
core. In addition, due to their stability and monodispersity, nanodiscs
represent a promising avenue for structure determination of GPCRs,
for instance by NMR. They may also become useful for crystallogra-
phy, although crystallization may be challenging due to the rotational
degree of freedom within the disc. Finally, unlike vesicles, nanodiscs
do not have an enclosed topology, so both the extracellular and
intracellular sides of the receptor are easily accessible. This property
makes them very useful for reconstitution of GPCR-activated signaling
cascades [91,94].
However, the topology of bicelles and nanodiscs can also be a
disadvantage: though both binding surfaces of the protein are
accessible to manipulation, they can be manipulated only simulta-
neously. Thus nanodiscs and bicelles cannot in principle reproduce the
difference between the extracellular and intracellular environments—
something that vesicles can do. For instance, concentrations of ions
such as Ca2+ are tightly regulated at nerve cell synapses, where many
GPCRs are expressed and where the concentration gradient of Ca2+
may be 1000–10,000-fold between the external and internal surfaces
of the membrane. This may make whatever buffer is used during
studies of bicelle- or nanodisc-bound GPCRs physiologically realistic
for only one side of the receptor. Anymeasured effect resulting from a
change in the buffer conditionsmust be attributed to a combination of
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each can be resolved by further experiments.
A further potential drawback of nanodiscs is the strict limit on the
diameter of the particle. The nanodisc severely constrains the
protein's diffusion, making investigations of protein–protein interac-
tions difﬁcult. Thus, if only one GPCR is incorporated per nanodisc, any
information resulting from interactions among diffusing GPCR
molecules in the cell membrane will be lost. If, on the other hand,
multiple copies of the receptor (or the receptor and a potential
interacting partner) are incorporated, there is no guarantee against
artifactual interactions due to the high local protein concentration in
the lipid bilayer core. Moreover, in the latter scenario two GPCR
molecules in close proximity may be antiparallel to each other, giving
rise to biologically spurious protein–protein interactions [96]. While
other systems, depending on how they are prepared, may also suffer
from non-uniform incorporation topology, this problem is most
pronounced for nanodiscs due to their constricted bilayer regions.
3.5. Planar lipid membranes
Planar lipid membranes (PLMs) can be subdivided into two broad
classes. The ﬁrst, a lipid bilayer covering a small aperture between two
aqueous phases, is commonly referred to as a black membrane; the
second class consists of solid-supported PLMs (Fig. 6).
PLMs have been known for decades. First reported in the 1960s by
Wescott and colleagues, they immediately became important tools for
electrophysiology of membrane-spanning proteins [100]. The original
blackmembraneswere prepared using organic solvents. For this reason,
many researchers considered them unsuitable for investigations of
complex transmembrane proteins, since organic solvents might
denature them. However, PLM technology has advanced, and PLMs
are now prepared without organic solvents. For instance, Tamm and
McConnell ﬁrst reported PLMs made by sequential deposition of lipid
monolayers onto a solid support [101–103]; Boxer and coworkers
prepared PLMs by direct fusion of SUVs on a glass surface [104,105]; and
Wagner and Tamm prepared PLMs supported on polymer spacers by
depositing lipid vesicles onto the polymer support [106].
Recently, Saavedra and colleagues incorporated puriﬁed rhodopsin
into a solid-supported PLM; they also showed that the protein stayed
functional upon photoinduced cross-linking of the phosopholipids
[107]. The latter result holds the promise of highly stable planar lipid
membranes for protein-based biosensors and other technological
applications. In another recent study, Leutenegger et al. designed an
experimental system consisting of in vitro translation machinery in
proximity of a supported PLM to incorporate a GPCR (the olfactory
receptor OR5) with fully uniform orientation [108]. In that study, a
polymer spacer was placed between the PLM and the solid surface
in order to accommodate the extracellular loops of the receptor.
Receptor diffusion and aggregation within the PLM could then be
tracked.
Although solid-supported PLMs are certainly an important
technology, they represent a trade-off between stability and versatility.
Interaction of intra- or extracellular loops or domains of GPCRswith theFig. 6. A GPCR (blue) embedded in a planar lipid membrane (red) on a solid support
(gray).solid support or with the spacer polymer may interfere with their
mobility and even activity [67]. Furthermore, placing the membrane on
a solid support makes access to the bottom side of the lipid bilayer
difﬁcult, which negates the advantage of PLMs over the enclosed
topology of vesicles. Finally, irregularities in the solid support may
create irregularities in the bilayer structure.
In recent years, some groups have sought alternatives to strictly
solid-supported PLMs. Spacer polymers extend the water layer
between the membrane and the solid support. Another approach is
to deposit the PLM onto a porous substrate. For instance, Nishiya and
coworkers created PLMs on a silicon surface with pores averaging
20 nm in diameter [109]. Brozick and coworkers successfully
reconstituted the 5HT3 serotonin receptor into a PLM supported on
a surface with N10 nm pores [110]. As these diameters exceed the
diameter of the GPCR transmembrane core, a GPCR is in principle free
to diffuse and even oligomerize within the area of the pore. Pores also
make the GPCR accessible from both sides of the membrane. In other
words, this type of membrane is functionally equivalent to the black
membrane, but does not require organic solvents.
Another promising solution to the accessibility problem posed by
solid-supported PLMs is the use of S-layer membranes [111]. This
system is based on the observation that certain archaea aswell asGram-
positive bacteria manage to survive extreme environmental conditions
without a cellwall thanks to a crystalline latticeof S-proteinsoverlaid on
their plasma membranes. The S-layer is highly porous (30–70%) with
pore diameters reaching 8 nm [112]. Putting an S-layer on one or both
sides of the lipid bilayer in lieu of a solid support creates essentially a
mesh of lipid discs of uniform size, and capable of incorporating most
transmembrane proteins. In contrast to bicelles and nanodiscs, the two
aqueous phases in contact with the membrane can be manipulated
independently. This allows experimenters to reproduce physiological
gradients of ions and other substances across the artiﬁcialmembrane, as
well as physiological membrane potentials. However, the crystalline
lattice of the S-layer can constrain mobility of any incorporated GPCRs
and prevent their oligomerization. Continued development of porous-
supported or S-layer PLMs with greater pore sizes will alleviate this
disadvantage.
3.6. Lipidic cubic phases
In recent years, lipidic cubic phases, or meso-phases, have also
emerged as a tool for GPCR reconstitution. These sponge-like,
multilamellar, continuous lipidic phases perforated by aqueous
channels supply an ordered hydrophobic matrix that permits free
diffusion and encourages GPCR crystallization in three dimensions
(Fig. 7). They were ﬁrst prepared to crystallize membrane proteins by
Landau and Rosenbusch by centrifugation of a deﬁned mixture of
monoolein and water [113]. These phases can also be doped with
cholesterol, phosphatidylserine, or other lipids to make the reconstitu-
tion system as native-like as possible [114]. Ordinary cubic phases are
less ordered than a solid butmore ordered than a liquid; related sponge
phases, characterized by greater inner aqueous volume, are liquids
[115].
A lipidic cubic phase containing cholesterol has been used to
reconstitute and crystallize the β2-adrenergic receptor [9,17,42,43,116].
Other GPCRs crystallized to date using this system are the adenosine
A2A receptor [10,117], the dopamine D3 receptor [13], and the CXCR4
chemokine receptor [14]. This method has the advantage of allowing a
high concentration of protein in a given volume. Like vesicles, cubic
phases permit free diffusion of reconstituted proteins and native-like
interactions among them. Access to the ligand-binding and G-protein-
binding surfaces of a GPCR is more difﬁcult in a cubic phase than in
nanodiscs or PLMs. However, at least one group has reported the
coupling of rhodopsin to transducin within a lipidic cubic phase [118].
The use of lipidic cubic phases in the ﬁeld of GPCR research has
been mostly limited to preparing crystals. Nonetheless, this system
Fig. 7. GPCRs (blue) embedded in a lipidic cubic phase (red).
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reconstituted GPCRs and as a replacement for detergents in the
difﬁcult process of GPCR puriﬁcation.
4. Discussion
It should be noted that all the approaches described above require
puriﬁcation in detergent prior to reconstitution. Puriﬁcation is a major
challenge in the ﬁeld of GPCR research because many GPCRs are
denatured by detergents. Rational design of improved detergents may
address this issue [119]. Alternatively, it may be possible to
circumvent detergent solubilization altogether. One option is the
use of electroformation to obtain GUVs directly from dried cell
membranes, together with all the embeddedmembrane proteins [67].
However, the resulting “ghost” cells are bound to suffer from the same
overabundance of complexity in the native membrane that makes
reconstitution necessary in the ﬁrst place. An ambitious solution, as
proposed by Leutenegger et al., is to synthesize GPCRs by in vitro
translation in close proximity to a PLM [108]. This method allows
functional GPCR incorporation directly into an artiﬁcial membrane. One
disadvantage of this approach, however, is the absence of quality-control
mechanisms. GPCRs expressed in live cells are normally retained in the
cytosol if they aremisfolded; an in vitro system lacks this checkpoint and
may yield samples of reduced functionality.
Once the challenge of purifying the GPCR under study is overcome, a
variety of reconstitution systems is available for biophysical studies. The
choice depends on the requirements of the particular experiment, asTable 1
Biophysical characterization of GPCRs in membrane mimics.
Micelle Bicelle
Structure determination +++ +++
Ligand-binding +++ +++
Activation mechanism/conformational dynamics +++ +++
Coupling to downstream signaling proteins + +
Diffusion/oligomerization − −
Lipid interactions − +
Trafﬁcking/endocytosis − −
+++ : possible.
+ : possible in principle.
− : not possible.none of the strategies described here is optimal for all experimental
questions.Nevertheless, it is possible to offer twogeneral considerations.
First, wemay evaluate artiﬁcial membrane environments based on
the set of relevant biological processes they support. GPCRs are
sensitive to lipid composition and may require speciﬁc interacting
partners, so it is preferable to reconstitute them into environments
most closely resembling the native one. Micelles, though easy to
prepare, are not a faithful mimic of the native environment; in
addition, they allow the least degree of GPCR stabilization. GUVs are
the most faithful membrane mimics, followed by PLMs and cubic
phases; all of these support native-like lipid compositions and open
the extracellular or cytoplasmic surfaces for ligand binding or
interactionwith downstream signaling proteins while allowing lateral
diffusion within the membrane. Nanodiscs and bicelles also open the
extra- and intracellular surfaces, but only simultaneously, and they
impede proper interactions within the membrane.
Second, we may evaluate artiﬁcial membrane environments based
on the relevant biological processes theymake available for biochemical
andbiophysical investigations. For instance, both lipid vesicles andPLMs
permit reconstitution of a very wide swath of GPCR biology, including
ligand-binding, G-protein activation, GPCR oligomerization, and the
inﬂuence of lipid rafts or other membrane components on receptor
function. Nonetheless, porous-supported or S-layer PLMs may be seen
as more advantageous thanks to the greater ease of access to the
receptor surfaces that they allow. Bicelles and nanodiscs support amore
limited set of biological processes; however, they are better suited for
bulk spectroscopic measurements of conformational changes in GPCRs.
Feasibility of some classes of biophysical investigations for various
membrane mimics is summarized in Table 1.
Finally, stability of these reconstitution systems is of practical
concern to researchers. In general, planar lipid bilayer fragments tend
to be unstable. Bicelles are more fragile than micelles. Nanodiscs are
more stable than bicelles thanks to the MSP belt around the relatively
fragile planar bilayer core. Liposomes and cubic phases aremuchmore
stable than PLMs, which usually require solid support or other
stabilizing modiﬁcations. There are various approaches to stabilize
membrane mimics, including ether-linked lipids [120], various types
of support for planar bilayer regions [107–112], and the use of photo-
crosslinking to prevent bilayer dissociation [107]. Such modiﬁcations
are often a trade-off between greater stability and more native-like
function [67,121].
Due to the difﬁculty of purifyingGPCRs, only a small number of them
have been successfully reconstituted to date. Nonetheless, membrane
mimics reviewed here provide a range of choices for GPCR reconstitu-
tion and biophysical characterization. Many of them are only beginning
to be applied to GPCR research, and detailed biophysical data remain
scarce for receptors other than rhodopsin. However, if puriﬁcation and
reconstitution can be combined in a single step, the ﬁeld of GPCR
biophysics will advance more rapidly. At the same time, continuing
development and reﬁnement of reconstitution environments should
makeGPCRs amenable to the powerful biophysical techniques available
for soluble proteins.Vesicle Nanodisc PLM Cubic phase
− +++ + +++
+++ +++ +++ +
+ +++ + +++
+++ +++ +++ +
+++ − +++ +++
+++ + +++ +++
+++ − +++ −
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